Dark matter can be produced in the early universe via the freeze-in or freeze-out mechanisms.
I. INTRODUCTION
Various astrophysical observations has confirmed the existence of the dark matter, with which about 26.8% [1] of our universe is constituted. We know nothing about the dark matter except its gravitational effects. Typically the thermal history of the dark matter remains a mystery, which catalyzes various conjecture of the dark matter models, such as weakly interacting massive particles (WIMPs) [2] , feebly interacting massive particles (FIMPs) [3] , strongly interacting massive particles (SIMPs) [4] , etc. WIMPs, which carry electroweak scale mass and couple to the standard model (SM) with a strength approximate to that of the weak interaction, are produced thermally via the so-called freeze-out mechanism. On the contrary, the FIMPs, which interact very weakly with the SM and have never attained thermal equilibrium, are produced non-thermally by the so-called freeze-in mechanism. As a result, WIMPs are accessible by the underground direct detection experiments, while FIMPs are not. Considering that no dark matter signal has been observed in any direct detection experiments, one can not justify which mechanism is better.
In this paper we investigate a scenario where the dark matter has two components with one component produced by the freeze-out mechanism and the other one produced by the freeze-in mechanism. We dub this new dark matter scenario as the hybrid dark matter. As an illustration, we study the Higgs portal scalar hybrid dark matter model in detail, where the WIMP φ couples to the SM Higgs and the FIMP ϕ couples to the φ with the quartic interaction. The relevant Lagrangian takes the form:
where λ ϕ ≪ λ φ . Notice that there might be ϕ 2 H † H term in the Lagrangian, here we have assumed that its coupling is negligibly small(< λ ϕ ) for simplification. We show that the relic density of the FIMP can be derived analytically with a perturbative method. Numerical result shows that the relic density of the WIMP is not affected by that of the FIMP, even though it is produced from the WIMP. We further study constraints on the model from dark matter direct detection and indirect detection experiments. It shows that the Higgs portal hybrid dark matter model is excluded by direct detections for m φ < 479 GeV except for m φ ∼ m h /2 (the resonant regime) and m φ ∼ m h where the annihilation channel φφ → hh is activated. For the alive dark matter mass range, the coupling strength λ φ is further constrained by indirect detections. We show that the Fermi Large Area Telescope (Fermi-LAT) [5, 6] and the High Energy Stereoscopic System (H.E.S.S.) [7] constrain λ φ to O(1).
The coupling strength of the FIMP is not constrained by direct and indirect detection experiments in this model.
The remains of the paper is organized as follows: In sections II we calculate the Boltzmann equations analytically and give numerical illustrations for the dark matter relic density. In section III we focus on constrains from both the direct and the indirect detection experiments. The last part is concluding remarks,
II. RELIC DENSITY
We evaluate the relic density of the hybrid dark matter in this section. The evolution of the phase space distribution is controlled by the Boltzmann equations [8] . After some manipulation, the Boltzmann equations can be written in the term of number densities, which take the following form:
where n φ and n ϕ are number densities of φ and ϕ respectively and the thermal average of the reduced annihilation cross section σv ϕ can be written as
with |M| 2 = λ 2 , and
which is the momentum of the "i" and "j" particles in the frame of the center of the mass.
σv φ is the same as the that of the conventional Higgs portal scalar dark matter model. We list in the appendix various annihilation cross sections of φ. Eqs. (2) and (3) can be simplified in terms of the yield Y ≡ n/s, using the relationṪ = −HT , where H(≡ 1.66 The total relic density of the hybrid dark matter can be written as
where Y φ and Y ϕ are derived from Eq. (2) and Eq. (3).
Y ϕ can be solved analytically as will be discussed in the following:
• For m φ < m ϕ , the process φ + φ → ϕ + ϕ will be kinematically forbidden before the freeze-out of φ. In this case, the Eq.(3) can be simplified as
where Y 0 ϕ is the leading term of Y ϕ by neglecting the mass of φ. Integrating with respect to the temperature, one has
where the rightest function is the Meijer G-function. Similarly, one can derive the higher order corrections to the Y ϕ :
• For m ϕ < m φ , Y ϕ can be calculated segmentally. Assuming x φ F being the freeze-out parameter of φ, Y ϕ can be calculated perturbatively using the method developed above for x < x φ F . The final expression of Y ϕ can then be written as
Apparently the first term on the rightest side, that is too much small, can be neglected
where Γ denotes the gamma function. 
III. DIRECT AND INDIRECT DETECTIONS
The hybrid dark matter contains two components: the FIMP and the WIMP. A FIMP could be detected at the LHC [11] , but ϕ in our model can not, as it only couple to the WIMP, so that we mainly discuss signatures of φ in this section. It can be detected in direct detection experiments, which detect the energy imparted into nuclei in underground laboratories by collisions with the WIMP, and indirect detection experiments, which detect the fluxes of cosmic rays from the annihilation of the WIMP that are gravitationally bound to the Galactic halo. For collider signatures of the Higgs portal dark matter, we refer the reader to Refs. [12] [13] [14] [15] for detail, and we will not revisit them in this paper.
The spin-independent direct detection cross section can be written as
where n| m|n = f n m n and f n ≈ 0.287 [16] , µ is the reduced mass of the DM-nucleon system: µ = m n m φ /(m n + m φ ). σ SI needs to be multiplied by the factor, Ωh 2 | φ /Ωh 2 | Exp , when compared with the experimental limit. It should be mentioned that the rescaled direct detection cross section is independent of the coupling λ φ .
We show in the Fig. 2 
where dN X /dE [19] is the differential 'X'-ray yield per annihilation and dJ ann /dΩ [20] is the integration of the square of the dark matter mass density along the line-of-sight. We will assume the dark matter mass density profile to be the Navarro-Frenk-While profile [21] . The non-observation of any excess in gamma rays or W + W − puts an upper limit on the reduced annihilation cross section σv γγ/W + W − , which can be written as
σv
where v, m h and Γ h are respectively the vacuum expectation value, the mass and the total decay rate of the SM Higgs.
We show in the right-panel of the Fig. 2 constraints of indirect detections in the m φ − λ φ plane. The solid line is given by the Fermi-LAT [5] , which searched for dark matter annihilation from the milky way dwarf spheroidal galaxies. The dotted line is given by the H.E.S.S. [7] , which searched for dark matter annihilation from the inner 300 pc of the Milky Way. Both the solid and dotted lines arise from the upper limits on the dark matter annihilation cross sections in the W + W − channel. The dashed line is given by the Fermi-LAT [6] , which searched for γ-ray spectral lines in 5∼300 GeV. The results of
shows that the constraint of the Fermi-LAT is stronger for low dark matter mass, while that of the H.E.S.S. is stronger for high mass dark matter, and λ φ should be blow O(1) for φ at the TeV scale.
IV. CONCLUSION
The nature of the dark matter is a long standing problem to be addressed. It makes sense to investigate various possibilities of the dark matter especially when it is going to be discovered in laboratories. In this paper we proposed the hybrid dark matter model where 
